Abstract: Slope and y-intercepts of locus equations have previously been shown to successfully classify place of articulation for English voiced stop consonants when derived from measurements at vowel onset and vowel midpoint. However, listeners are capable of identifying English voiced stops when less than 30 ms of vowel is presented. The present results show that modified locus equation measurements made within the first several pitch periods of a vowel following an English voiced stop were also successful at classifying place of articulation, consistent with the amount of vocalic information necessary for perceptual identification of English voiced stops /b d g/.
Introduction
One of the major goals of phonetic research is to define the relation between the speech signal and phonetic categories. For more than 50 years now, researchers have been debating how the rapidly changing speech stream is mapped onto discrete categories or features. The correspondence between a physical property in the acoustic signal and a phonetic feature is complicated due to individual variation caused by differences in size, age, and gender of a speaker, to name but a few sources of potential variability. The greatest challenge in this domain has been to find stable acoustic properties that correspond to place of articulation in stop consonants, which are transient in nature and heavily influenced by their surrounding vowel contexts.
Early research on the acoustic characteristics of stop consonants suggested that differences in speaker, phonetic context, and speaking rate caused so much variability that consistent acoustic cues corresponding to place of articulation could not be found. 1, 2 Subsequent research suggested that instead of focusing on individual acoustic properties of stop consonants such as burst frequency and formant transitions from a stop into a following vowel, invariant acoustic cues reside in the gross shape of the onset spectrum of a stop-vowel syllable. 3 This static measure was later abandoned for a more dynamic approach whereby the way in which the distribution of energy changed from the stop consonant to the following vowel was thought to provide invariant cues to place of articulation. 4 An alternative approach to the "invariance problem" is the locus equation, which may serve as a source of relational invariance. This metric was originally described by Lindblom 5 and has been more recently utilized by Sussman and colleagues [6] [7] [8] to successfully classify word-initial stop consonants across languages and speaking styles, and the basic findings have been replicated across laboratories. While  interpretation of the locus equation results remains open for debate (for example, see  commentary to Sussman; 7 also, see Iskarous 9 for the view that locus equations index degree of and resistance to coarticulation), locus equations clearly distinguish place of a) Present address: Department of Neurosurgery and Department of Psychology, University of Iowa, E11 Seashore
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articulation in stop consonants in English, as well as a variety of other languages. 10 Importantly, locus equations take advantage of the variation in acoustic information present in stop consonant transitions across vowel contexts, rather than being hindered by this variability. Locus equations are able to utilize this variability because they are derived from measurements of the second formant (F2) taken at two points in the vowel following a stop consonant-at the onset of the vowel, and at the "midvowel nucleus" (MVN) which is obtained from the midpoint of the vowel (60-110 ms postonset). This type of dynamic metric may provide a more complete picture of the acoustic realization of stop consonant-vowel sequences. For each place of articulation, F2vowel-by-F2onset points are plotted from many vowel contexts, thus capturing the lawful variation in stop consonant acoustics across highly variable environments, arising from both talker-specific factors (e.g., gender, speaking rate) and coarticulation. A linear regression is performed to obtain slope and y-intercept values of the line best fit to the data points for each place of articulation, and coefficient values for each place are then compared to determine whether they differ significantly. Slope and y-intercept coefficients are then submitted to a discriminant analysis to determine how well the locus equation values correctly classify each place of articulation. Combined slope and y-intercept values of this traditional locus equation approach can successfully classify place of articulation at high rates (up to 100% correct classification for labial/alveolar/velar distinctions 6 ), suggesting that the locus equation is a potentially viable metric for stop place categorization.
In addition to finding a robust metric, a perceptually relevant account of stop place categorization should incorporate and match what is known about human stop perception. Perceptual studies of stop consonants suggest that a measurement spanning 60-110 ms after the release burst may be an inefficient description of the perception process.
11,12 A variety of studies have shown that listeners perceive place of articulation on the basis of a much shorter stretch of the speech signal. Accurate perception of place of articulation for English voiced stops seems to require as little as the initial 10-20 ms of stop-vowel syllables. 13 Resolving the discrepancy between the lengthy temporal interval needed to derive traditional locus equations and the shorter interval found to be sufficient by perceptual studies might lead to further understanding of the cues to stop place categorization as they more realistically correspond to perception and might make locus equations a more realistic candidate to capture these cues. The present research aims to investigate the effectiveness of locus equations derived from shorter temporal intervals between the F2onset and F2vowel measurement points in the classification of English voiced stops /b d g/. The question addressed is whether locus equations derived over a time span that matches that used by human listeners can uniquely distinguish the three places of articulation.
Methods
Twenty adult speakers (10 female) were recruited from the University of Kansas community. All speakers were native speakers of American English, reported no speech or hearing impairments, and were compensated or earned course credit for their participation. Participants were recorded using an ElectroVoice RE 20 microphone and Fostex DAT recorder in an anechoic chamber (IAC). The DAT recording was digitized in PRAAT 14 into .WAV files at a sampling rate of 11 025 Hz.
Subjects were recorded speaking CVC syllables at a comfortable rate in the carrier phrase "Say CVC again." CVC syllables consisted of one initial voiced stop consonant /b d g/, one of ten medial vowels /i I eI e ae AˆO oU u/, and word-final voiceless alveolar stop /t/. Tokens were randomized and repeated five times, for a total of 150 utterances per subject.
All formant measurements were taken from a wideband spectrogram display generated with PRAAT, with a 6 dB pre-emphasis to enhance higher formant intensities. 6 As in traditional locus equation measurements, formant values for F2 onset (the Y coordinate of the locus equation scatterplot) for each token were obtained by recording the F2 value at the first discernible pitch pulse following the release burst. In order to systematically shorten the time frame between onset and vowel measurements, multiple F2vowel (X coordinate) measurement points were used. These measurement points were taken at each pitch period up to and including the MVN. Scatterplots were then generated separately for each pitch period. Because pitch periods correspond to the fundamental frequency of an individual speaker's voice (and are therefore variable across speakers), these measurements reflect a relative progression through the vowel transition. Pitch period durations were estimated by measuring each token's average pitch period up to the time of the MVN for general comparison with previous studies of stop consonant perception.
Results
Plots from all speakers showed data points tightly clustered around the regression line, as reported in previous locus equation studies. 6 Linear regression functions were fit to obtain locus equation slope and y-intercept coefficients for each place of articulation for each measurement point. Average slope values were lower than those reported by Sussman. 6 However, the overall pattern is consistent: /b/ has the highest slope and lowest y-intercept, /d/ has the lowest slope and highest y-intercept, and /g/ has an intermediate slope and y-intercept.
One-way analyses of variance were performed on slope and y-intercept values obtained from the linear regressions. A significant main effect of place of articulation was found for slope F (2,57 Discriminant analyses were performed to assess the locus equation coefficients as predictors of stop place category. The leave-one-out method of cross validation was used; each slope/y-intercept pair was tested against all cases other than that case. Correct classification was 88.3%, which while lower than that reported by Sussman 6 is very high and well above chance probability (33.3%). In comparison, discriminant analysis performed with F2onset and F2vowel (at MVN) as predictors resulted in 71.6% overall correct classification, supporting the result reported by Sussman 6 that the higher-order locus equation coefficients categorize place of articulation more successfully than token-level formant values.
To increase statistical power in analyzing the modified locus equation coefficients, the pitch periods corresponding to roughly the same temporal interval from vowel onset for males and females were combined. The average pitch period for female speakers was 4.79 ms and that for male speakers was 9.03 ms. In our analysis, "time point 1" combines male pitch period 1 with female pitch period 2; "time point 2" This pattern is consistent with the results of the traditional locus equation measurements described above, and was maintained for the second and third time points (see Fig. 2 ).
Discriminant analyses were performed as described above for each time point analyzed, and resulted in correct classification rates of 81.7%, 83.3%, and 83.3% for time points 1, 2, and 3, respectively. As with traditional locus equation analysis, these values were consistently higher than the classification results using F2 onset and F2 vowel as predictors (correct classification results of 76.2%, 76.4%, and 75.2% for the first three time points).
Locus equation coefficients obtained from the traditional MVN measurement point were compared with the corresponding coefficients obtained from each earlier F2vowel time point (e.g., each speaker's /b/ slope at MVN vs their /b/ slope at time point 2). As expected, significant differences were shown for all time points relative to MVN (Wilcoxon signed-rank test, p < 0.001 for all comparisons), suggesting that the relative difference between coefficients for each place of articulation may be more informative than absolute slope or y-intercept values.
Discussion
The present results show that locus equations derived from measurement points spanning perceptually realistic durations of second formant transition can be used to successfully categorize place of articulation in English voiced stop consonants. The initial tens of milliseconds of vowel transition provide sufficient information for listeners to identify voiced stop sounds, and our modified locus equation method results in successful categorization over comparable durations. Fig. 2 . Group mean locus equation scatterplots obtained from the first three time points (corresponding to approximately 9, 18, and 27 ms into the vowel, respectively) and MVN. Each point represents the average value for one CV type (e.g., mean F2 values for all /bu/ tokens) across all speakers (male and female).
Significant differences in slope and y-intercept-combined with high classification rates from discriminant analyses using these coefficients as predictors-suggest that the locus equation can be computed on a time scale that is commensurate with human perception of place of articulation.
